). The incident-photo-to-current conversion efficiency, applied bias photo-to-current efficiency and transfer efficiency of CTCF photoanode reaches 31.2% at 380 nm (+1.23 V vs. RHE), 0.11% (+1.11 V vs. RHE), 68.2% (+1.23 V vs. RHE) respectively, which are much higher than those of pristine α-Fe 2 O 3 photoanode. Additionally, the longtime irradiation PEC water splitting of CTCF photoanode demonstrates its high stability at extreme voltage in NaOH (pH 14).
INTRODUCTION
Solar to hydrogen energy conversion is one of the most promising future energy forms to solve the energy shortage and environmental problems, due to its renewable, carbon-free, and environmentally friendly features [1] [2] [3] . Different from the photocatalysis of water splitting, photoelectrochemical cell (PEC) hydrogen production has some outstanding advantages, such as higher solar utilization, easier to recycle and faster hydrogen production rate [1, 4, 5] . The photoelectrodes are the key factors to the efficiency of PEC water splitting like the leaves of photosynthesis in the nature [4] . Many efforts have been devoted to exploring highly active photoanode materials such as TiO 2 [6, 7] , ZnO [8, 9] , Nb 2 O 5 [10] , BiVO 4 [11, 12] and WO 3 [13] [14] [15] .
Hematite (α-Fe 2 O 3 ) is one of the most promising earthabundant catalysts for photoanode, which can absorb a substantial portion of the solar spectrum (300-600 nm) [16] [17] [18] [19] . This feature makes α-Fe 2 O 3 possess a remarkable maximum water oxidation photocurrent density (J max ) for solar water splitting [20] . However, some intrinsic features of α-Fe 2 O 3 in charge separation, electrical conductivity, material stability and surface oxygen evolution catalytic activity limit the PEC water splitting efficiency [21, 22] .
The J max of α-Fe 2 O 3 is more than 12 mA cm -2 , but the reported water oxidation photocurrent densities of α-Fe 2 O 3 are within the range of 1-5 mA cm −2 [20, 23] , due to the poor electrical conductivity [3, 16, 24] , which results in inefficient migration rate and poor separation of photo-generated electrons and holes [25] , resulting in solar energy degradation [22, 23] . We believe that future enhancement of the PEC performance of α-Fe 2 O 3 photoanode will focus on improving the electrical conductivity of α-Fe 2 O 3 .
Doping is an effective method to enhance the electrical conductivity of α-Fe 2 O 3 -based photoanode for PEC water splitting [24] . For example, Li et al. [16] indicated that a novel Sn-Fe 2 O 3 photoanode achieved the excellent photocurrent density of ∼1.36 mA cm −2 at 0.23 V vs. Ag/ AgCl. The Sn element doping can effectively enhance its electrical conductivity. Recently, two or more elements doping of photoanodes are also catching researchers' wide attention [26] . Tang et al. [24] On the other hand, when the photo-generated electrons and holes are separated from the inside of α-Fe 2 O 3 , the photo-generated electrons will move to the cathode of PEC cell for hydrogen evolution reaction (HER) and the photo-generated hole will move to the surface of photoanode for oxygen evolution reaction (OER) [1, 23] . However, the PEC water splitting performance of α-Fe 2 O 3 is limited because a majority of the holes are recombined when migrating to surface, leading to the poor catalytic activity of the α-Fe 2 O 3 surface for oxygen evolution [24] . Recently, FeOOH as an oxygen evolution catalyst (OEC) attracted great attention due to its excellent OER catalytic capacity [24] . Similar to FeOOH, CoOOH is also an excellent OEC for electrical water splitting, but few studies were carried out on its application for PEC water splitting [27] .
In this work, we utilize C and 
Characterization
All the catalysts were characterized by field emission scanning electron microscope (SEM, JSM-6330F), X-ray diffractometer (XRD, D8 ADVANCE), X-ray photoelectron spectroscope (XPS, ESCALab250), transmission electron microscope (TEM, JEM2010-HR), atomic force microscope (AFM, SPM-9500J3 microscope) and UV-vis spectrophotometer (UV-2450). The electrochemical testing was carried out with a CHI660C electrochemical station in a standard three electrode configuration.
PEC measurements
Photoelectrochemical measurements were performed with an electrochemical analyzer in a three-electrode configuration using the catalysts on FTO as the working electrode, Pt wire as the counter electrode, and an Ag/ AgCl reference electrode. An aqueous solution of 1 mol L −1 NaOH was used as electrolyte (pH 14). The working electrodes were immersed into the electrolyte and 1 cm 2 surface areas exposed. The illumination source was AM 1.5G solar simulator (Newport, LCS 100 94011A (class A, Fig. S1 )) directed at the quartz PEC cell (100 mW cm −2 ). Monochromatic incident photon-toelectron conversion efficiency (IPCE) were collected by a Solartron 1280B electrochemical station with a solar simulator (Newport 69920, 1000 W xenon lamp), coupled with an infrared water filter (Oriel 6127) and aligned monochromator (Oriel Cornerstone 130 1/8 m). All the electrochemical measurements were performed on an SP-150 electrochemical workstation (SP-150, Bio-Logic SAS, France) at room temperature.
Calculations
The conversion between potentials vs. Ag/AgCl and those vs. RHE is performed using the following equation [29] : E (vs. RHE) = E (vs. Ag/AgCl) +E Ag/AgCl (reference) +0.0591 V×pH (E Ag/AgCl (reference) = 0.1976 V vs. NHE at 25°C). IPCE can be expressed as [16] : IPCE=(1240×I)/(λ×J light ), where I is the photocurrent density, λ is the incident light wavelength, and J light is the measured irradiance.
Yield of the surface reaching holes or the named transfer efficiency (Φ OX ) can be expressed as [29] :
Φ OX =J PEC /J HS , where J PEC is the practical water oxidation photocurrent and J HS is the photocurrent density of sample with Na 2 SO 3 hole scavenger.
Applied bias photo-to-current efficiency (ABPE) can be expressed as [12] : ABPE=[J PEC ×(1.23−V app )]/P light , where J PEC is the photocurrent density of samples, V app is the applied external potential vs. RHE and P light is the power density of the illumination (100 mW cm −2 ).
RESULTS AND DISCUSSION
As shown in Fig. 1a , the CoOOH/(Ti,C)-Fe 2 O 3 (CTCF) nanorods photoanode was synthesized on FTO glass substrate by three-step (Experimental section). Firstly, (Ti, C)-FeOOH nanorods film was synthesized hydrothermally. Then, the (Ti, C)-FeOOH nanorods film was transformed into (Ti, C)-Fe 2 O 3 by calcination. Finally, the CoOOH as an oxygen evolution catalyst was deposited onto the (Ti, C)-Fe 2 O 3 by a PEC deposition method. The CTCF nanorods compactly grow on the FTO glass substrate with 400 nm long and 20 nm in diameter, as shown in the top-view SEM of CTCF (Fig. 1b) and the side-view SEM (Fig. 1c) . XRD spectra were conducted to identify the crystalline phase of α-Fe 2 O 3 , C-Fe 2 O 3 , (Ti, C)-Fe 2 O 3 (TCF) and CTCF, as shown in Fig. S2 . Except the SnO 2 peaks originating from the FTO substrate, all other diffraction peaks in the XRD spectra can be well indexed to α-Fe 2 O 3 (JCPDS 86-0550).
Diffuse reflectance UV-visible spectra of α-Fe 2 O 3 , CFe 2 O 3 , TCF and CTCF were collected to characterize the light harvesting capability and band gap. As shown in Fig.  S3 , the absorption edge of the as-synthesized samples are at 590 nm, which is consistent with recent reports. The band gap of samples can be determined by the formula [30] :
, where α, h, ν, A, E g and n are absorption coefficient, Planck's constant, incident light frequency, proportionality constant, band-gap and characteristic integer, respectively. Among them, n depends on the characteristics of the optical transition in a semiconductor, i.e., direct transition (n = 1) or indirect transition (n = 4) [23] . Fe 2 O 3 pertains to indirect transition and the value of n is 4. As shown in Fig. S4 , the absorption edges of the as-synthesized photoanodes are in the range of 590 to 600 nm, respectively, and the band-gap energies of the samples are 1.9 to 2.0 eV, respectively, which are consistent with recent reports [20, 22, 23] . (Fig. S6b) , signals of Co origin from CoOOH (Fig. S6c) , signals of O origin from Fe 2 O 3 and CoOOH (Fig. S6d) [20, 22, 23, 31] .
TEM and high resolution TEM (HRTEM) were carried out to present the structure and morphology of the CTCF. The diameter of Fe 2 O 3 nanorods is approximate 100 nm in agreement with the SEM result. The HRTEM image (Fig. 2b) shows the spacing lattice fringes is about 0.369 nm, corresponding to the (012) lattice planes of α-Fe 2 O 3 , and in accordance with the XRD spectra. The results of TEM-energy dispersive spectrometer mapping (TEM-EDS) of CTCF nanorods reveal the homogeneous distribution of Fe, O, C, Ti and Co in the whole selection area (Fig. 2c-h) .
The systematic electrochemical and PEC performance of both the α-Fe 2 O 3 photoanode and the TCF photoanodes were characterized in (0.5 mol L −1 ), Na 2 SO 3 aqueous solution with NaOH solution (pH 14) as a hole scavenger, under AM 1.5G illumination. Fig. 3a ), because of the enhanced electrical conductivity due to the C and Ti doping in α-Fe 2 O 3 (Fig. 3b) . Electrochemical impedance spectroscopy (EIS) were carried out to further investigate the relationship between doping and electrical conductivity. As shown in Fig. 3b , the arc radius of CTF photoanode both in the dark and under light is smaller than those of α-Fe 2 O 3 photoanode, C-α-Fe 2 O 3 photoanode, and Ti-α-Fe 2 O 3 photoanode in (0.5 mol L −1 ) Na 2 SO 3 aqueous solution with NaOH solution (pH 14) as a hole scavenger at 1.23 V vs. RHE. The results of EIS confirm the C and Ti doping can increase the electrical conductivity of α-Fe 2 O 3 . Increasing the electrical conductivity of α-Fe 2 O 3 makes CTF photoanode achieve remarkable photocurrent density in solution with hole scavenger. Therefore, the CoOOH was used as OEC, which were deposited on the CFT photoanode surface by a PEC deposition method, to make maximum use of this photocurrent density of CTF in the solution without hole scavenger. In Fig. S7 , the thickness of the CoOOH layer is about 5 nm and amorphous. ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   890 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Due to the CoOOH OEC's effect, the CTCF photoanode achieves higher PEC water splitting performance than TCF photoanode, as illustrated in the LSV curves of TCF photoanode and CTCF photoanode in NaOH solution without hole scavenger and NaOH solution with Na 2 SO 3 hole scavenger (Fig. 4b) .
Since the oxidation rate of holes (Φ OX ) on the electrolyte interface is very fast in the presence of Na 2 SO 3 as hole scavenger, the surface recombination of charges is eliminated and Φ OX ≈ 100%. As shown in Fig. 4b , when Na 2 SO 3 is added to the electrolyte, the photocurrents generated from CTCF photoanode and TCF photoanode under AM 1.5G illumination are 2.57 mA cm −2 and 2.69 mA cm −2 at 1.23 V vs. RHE, respectively. The Φ OX can be individually calculated using equation Φ OX = J PEC / J HS , and are plotted in Fig. S8 . The Φ OX of CTCF photoanode (68.2%, +1.23 V vs. RHE) is significantly higher than that of TCF (46.1%) at +1.23 V vs. RHE, which means that the improvement is from increasing holes OER capacity by CoOOH OEC. On the other hand, as shown in Fig. 4b , the CoOOH OEC not only can increase the OER capacity of photoanodes in the solution without hole scavenger, but also can enhance the photocurrent density of photoanode in the solution with Na 2 SO 3 as hole scavenger, which means the CoOOH OEC will not reduce the charges separation of photoanodes. Fig. 4c shows the LSV curves of CTCF photoanode and TCF photoanode in NaOH solution (pH 14) without hole scavenger and illumination. The LSV curve of the CTCF photoanode generates a current density of 0.5 mA cm −2 at a potential of +1.66 V vs. RHE, which is much better than that of TCF photoanode (+1.79 V vs. RHE). These results verify that the CoOOH OEC can increase the OER capacity of photoanode in PEC water splitting.
The illustration of the PEC water oxidation at the CTCF photoanode is shown in Fig. 4d . When sun light radiates on the CTCF photoanode, the photo-generated electrons and holes are generated by (Ti,C)-Fe 2 O 3 . In this process, due to the increased electrical conductivity of photoanode by C and Ti doping, the charges can transfer faster in photoanode. Then, photo-generated holes transfer to the CoOOH OEC layer by bias voltage and oxidize the OH − of solution on CoOOH layer surface. Therefore, the C and Ti in this PEC system can increase the photo-generated charges transport, and CoOOH OEC layer can increase the OER capacity as an OEC material.
The IPCE were further performed to investigate the PEC performances of α- photoanode, TCF photoanode, and CTCF photoanode at +1.23 V vs. RHE in NaOH solution (pH 14). Fig. 5a shows the IPCE spectra of CTCF photoanode and TCF photoanode at +1.23 V vs. RHE, consistent with their current density-voltage (J-V) characteristics. The maximum IPCE value of CTCF photoanode reaches 31.2% at 380 nm, which is much higher than that of α-Fe 2 O 3 photoanode (2.2%), Ti-Fe 2 O 3 photoanode (16.1%) and TCF photoanode (25.7%). As shown in Fig. 5b, with As shown in Fig. 6a and Movie S1, the CTCF photoanode exhibits excellent activity and operational stability for PEC water splitting in NaOH solution (pH 14) at 1.23 V vs. RHE under AM 1.5G irradiation. The chronoamperometry (i-t) curve of the CTCF photoanode was collected at 1.23 V vs. RHE in 5 h. The photocurrent of CTCF is initially about 1.84 mA cm −2 and decreases by 0.12 mA cm −2 within 5 h, demonstrating that the CTCF photoanode is very stable during the long time irradiation at extreme voltage in NaOH (pH 14). The SEM and XRD of the photoanode after stability test are shown in Fig. S9 and S10. And there is no change in morphology and structure after 5 h reaction. These results confirm the high stability of the CTCF photoanode. Fig. 6b is the photo image of CTCF photoanode PEC water splitting system, and Fig. 6c -e are photo images of different parts of this system. We also tested the hydrogen generation rate at 1 mA cm −2 (Fig. S11) . We find the generation rate of H 2 by our PEC system is about 18.67 μmol h 
CONCLUSIONS
In summary, the CTCF photoanode was successfully prepared by hydrothermal, calcination and PEC deposition methods. XRD, SEM, TEM and XPS results confirmed the Ti and C were successfully doped in the Fe 2 O 3 , and the layered CoOOH OEC was on the surface of (Ti, C)-Fe 2 O 3 . The CTCF photoanode shows significantly PEC water splitting capacity under sunlight (AM 1.5G). The photocurrent density of CTCF photoanode is 1.85 mA cm −2 at +1.23 V vs. RHE, which is more than 20 times higher than that of pristine α-Fe 2 O 3 photoanode (0.08 mA cm −2 ). The IPCE, ABPE and Φ OX of the CTCF photoanode reach 31.2% at 380 nm (+1.23 V vs. RHE), 0.11% (+1.11 V vs. RHE), 68.2% (+1.23 V vs. RHE), respectively, which are much higher than those of pristine α-Fe 2 O 3 photoanode. The long time irradiation PEC water splitting of CTCF photoanode demonstrates its high stability at extreme voltage in NaOH (pH 14). These findings indicate the CTCF photoanode is a very pro- ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   892 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
